In patients with a dilated proximal ascending aorta and trileaflet aortic valve, we aimed to assess (1) factors independently associated with increased long-term mortality and (2) the incremental prognostic utility of indexing aortic root to patient height.
D ilation of the aortic root and ascending aorta is increasingly recognized because of improved quality and increased frequency of noninvasive aortic imaging. Aortic dilation commonly occurs in the setting of an abnormal (eg, bicuspid or unicuspid) or normal trileaflet aortic valve (TAV) configuration. Concomitant aortopathy can be confined to the root, ascending aorta, or may also involve other vascular areas in geneticmediated syndromes. The major risk associated with aortic dilatation (especially with a normal valve configuration) relates to progressive dilation and subsequent dissection or rupture. Despite improvements in diagnostic methods and surgical techniques, the mortality of type A aortic dissection remains high, ranging from 14% to 30%. [1] [2] [3] Another issue is that patients with a catastrophic rupture of the aorta may die suddenly before medical aid can be administered. Aggressive control of blood pressure and heart rate, along with elective aneurysm surgery (on the basis of established size criteria), help reduce the risk of aortic rupture and dissection. 4 Hence, according to guidelines, prophylactic aortic surgery is recommended in TAV patients with an ascending aortic diameter >5.5 cm for patients with noninherited aortic aneurysms and between 4 and 5 cm in those with inherited aortopathies. 4 However, these guidelines are largely based on a consensus opinion among experienced cardiologists and cardiac surgeons rather than large-scale outcomes data. In fact, prior data have suggested that ≈40% patients have an aortic diameter <5 cm at the time of presentation with type A aortic dissection. 5 Absolute aortic diameter cutoffs have inherent limitations, including failure to account for size/height and sex. 6, 7 Furthermore, a single diameter does not account for irregular, elliptical shape of the aorta, and may be less valid than area measurements. Therefore, previous reports have suggested indexing aortic dimensions by using either body surface area or height. [8] [9] [10] [11] [12] Specifically, a cutoff of aortic area/height >10 cm 2 /m has been shown in previous reports to be associated with aortic dissection in patients with bicuspid aortopathy and Marfan syndrome, 8, 9 and has been included in the most recent guidelines as an indication for elective aortic repair. 4 However, there are no large-scale data evaluating the incremental prognostic utility of this index in the context of a dilated aortic root and ascending aorta in TAV patients. Thus, in a large group of contemporary patients with a dilated proximal ascending aorta and TAV, we aimed to assess (1) the factors associated with adverse outcomes and (2) the incremental prognostic utility of indexing aortic root (or ascending aorta) to the patient's height.
MethODs
This was an observational cohort study of 771 consecutive adult patients (≥18 years) with a dilated ascending aorta and TAV with an initial evaluation at our tertiary care center between 2003 and 2007. Patients were included if (1) a dilated (≥4 cm) aortic root and ascending aorta was identified on an initial transthoracic echocardiogram and (2) either a contrastenhanced computed tomographic angiogram (CE-CTA) or a contrast-enhanced magnetic resonance angiogram (CE-MRA) of the chest confirmed the measurement of the initial echo measurement. We excluded patients who initially presented to our institution with type A dissection. Appropriate approval was obtained from the institutional review board. Clinical data were manually extracted from electronic medical records, where they were entered prospectively at the time of the initial encounter. History of various cardiovascular risk factors (hypertension, dyslipidemia, diabetes mellitus, vascular disease, smoking, aneurysms, and atrial fibrillation) were recorded on the basis of patient history and confirmed on guideline-based documentation or relevant therapies. Obstructive coronary artery disease was defined as a history (including a prior myocardial infarction) or documented as ≥70% (or ≥50% left main) stenosis on coronary angiography. Inherited aortic syndrome was diagnosed on the basis of a clinical (and genetic evaluation) at an experienced center. On the basis of the available data, Society of Thoracic Surgeons (STS) scores were calculated.
clinical Perspective
What is new?
• In 771 patients with trileaflet aortic valve and concomitant aortopathy, there is incremental prognostic value of indexing aortic root (or ascending aortic area) to patient height, rather than using unindexed aortic diameter. • Incorporation of the ratio significantly and independently reclassified risk for death. An abnormal ratio was independently associated with higher long-term mortality, whereas cardiovascular surgery was associated with improved survival. • It is important to note that a sizable minority of patients (44%) with aortic root diameters between 4.5 and 5.5 cm had an abnormal aortic root area/ height ratio, and 78% of deaths in this subgroup occurred in those with an abnormal aortic root area/ height ratio. • The findings were similar when ascending aortic measurements were considered.
What are the clinical implications?
• An aortic root area/height ratio>10 cm 2 /m has significant and independent prognostic utility and may be used to risk stratify patients with trileaflet aortic valve and dilated aorta and can contribute to clinical decision making. • Whether the use of an aortic root area/height ratio better informs the indication for surgical repair than does aortic root diameter remains to be determined, with the important observation in the present data set that almost half of patients not meeting the surgery criterion of aortic diameter of ≥5.5 cm had an abnormally high aortic root area/height ratio.
echocardiography
All patients underwent comprehensive echocardiograms using commercial systems (Philips Medical Systems, Siemens Medical Solution Inc, and General Electric). Left ventricular (LV) ejection fraction, indexed cardiac dimensions, severity of valvular regurgitation, and right ventricular systolic pressure [13] [14] [15] were measured according to guidelines. Diagnosis of TAV was based on reviewing the aortic valve (AV) anatomy in parasternal long-and short-axis planes in systole and by specifically demonstrating 3 cusps. Multiple views were taken to exclude the presence of bicuspid AV. For quantification of aortic stenosis, LV outflow tract diameter was measured on parasternal long-axis views. 16 Pulsed-wave and continuous-wave Doppler were used to record velocities across the LV outflow tract and AV, respectively. AV was examined from multiple windows to obtain the peak AV velocity and the mean AV gradient. AV area was calculated by using the continuity equation. On the basis of these calculations, severe aortic stenosis was defined as AV area ≤1 cm2 and mean AV gradient ≥40 mm Hg. Aortic regurgitation (AR) was measured according to guidelines, using multiple criteria including of the aortic regurgitant jet/LV outflow tract width ratio on parasternal views, density on spectral Doppler, color Doppler, and diastolic flow reversal in the thoracic aorta. Aortic root (at the sinuses of Valsalva) and ascending aortic diameters were recorded in the parasternal long-axis view, using the leading-edge to leading-edge technique, at end-diastole. 13 Using aortic root dimensions, a z score for adults was calculated by using the following formula 12 : [measured diameter (cm) -predicted aortic root diameter (cm)]/standard deviation of 0.261. Predicted diameter was derived from the following formula: 2.423 + (age in years × 0.009) + (body surface area × 0.461) -(sex × 0.267), with 1 for male and 2 for female. Body surface area (square meters) was calculated using the DuBois formula 17 : 0.007184 × height (cm) 0.725 × weight (kg) 0.425 .
tomographic imaging
Patients underwent either a chest CE-CTA or CE-MRA at the discretion of the treating physician. For multidetector CE-CTA, patients were scanned using standard available scanners (Brilliance 64-slice, Philips Medical Systems or Siemens 64-slice, Siemens Medical Solutions) after administration of low osmolar iodinated contrast (80-100 mL of Ultravist 370) at 4 to 5 mL/s followed by 30 to 50 mL of normal saline. Bolus tracking technique using a region of interest in the ascending aorta was used, and scanning (from the carina to the diaphragm) was initiated in the craniocaudal direction during a single inspiratory breath hold. Prospectively triggered axial or retrospectively gated spiral data were acquired. Tube voltage ranged from 100 to 120 kVp; tube current was adjusted per patient weight; and beam pitch of 0.2 to 0.5 was used. In retrospective scans, ECG-based tube current modulation was used for all patients, with maximum current turned on during systole. In patients undergoing aortic CE-MRA, it was performed on a commercially available 1.5 Tesla scanner (Achieva, Philips Medical Systems or Avanto, Siemens Medical Solutions). After initial scout images, administration of 30 to 40 mL of gadolinium chelate, and using bolus tracking technique, 3-dimensional thoracic aortic MRA was performed in sagittal double-oblique plane using a breath hold (representative parameters included field of view 360×320 mm, repetition time 5.2 ms, echo time 1.6 ms, matrix 360×260 mm).
Subsequently, using standard clinically available software (Terra Recon), advanced offline 3-dimensional postprocessing of CE-CTA and aortic CE-MRA images was performed by using multiplanar and maximum intensity projections. Diameter and cross-sectional area of the ascending aorta was measured at the aortic root (maximum cusp to commissure diameter at the midpoint of the aortic sinus of Valsalva, Figure 1 ) and the mid portion of the ascending aorta (at the level of pulmonary artery bifurcation), using double-oblique reconstructions. Internal luminal measurements were made perpendicular to the axis of blood flow. 4 In addition, we planimetered the aortic root and mid ascending aortic area and indexed them to the patient's height. 8, 9, 11 classification of aortopathy Aortic root and ascending aortic diameters were classified as follows: mild dilation (≤4.4 cm), moderate dilation (4.5-4.9 Figure 1 . a contrast-enhanced computed tomographic scan in a patient with a trileaflet aortic valve, dilated aortic root, and dilated ascending aorta.
Left top, Representation of multiplanar reformatted short-axis view of the ascending aorta with diameter (D) and area (A) measurements. Left bottom, Representation of multiplanar reformatted short-axis view of the aortic root with diameter (D) and area (A) measurements. Right, Representation of volume-rendered image with centerline reconstruction (yellow line) demonstrating the entire thoracic aorta, with a dilated aortic root and ascending aorta. cm), mildly aneurysmal (5-5.4 cm), and severely aneurysmal (≥5.5 cm). In addition, a ratio of aortic root and ascending aortic area to height ≥10 cm 2 /m was considered as abnormal, as has been previously described. 8, 9, 11 Patients who did not have surgery within 6 months of initial clinical evaluation had at least 1 follow-up tomographic evaluation. However, for this analysis, only data from the initial scan were included.
surgery During Follow-Up
Surgical procedures were recorded as follows: (1) isolated ascending aortic grafting, (2) AV repair/replacement+ascending aortic grafting, (3) ascending aortic grafting+coronary artery bypass grafting (CABG), and (4) AV repair/ replacement+ascending aortic grafting+CABG. Time to surgery was recorded. All patients underwent a comprehensive evaluation by a cardiologist and a cardiothoracic surgeon. The decision regarding concomitant AV repair/replacement was based on existing valvular guidelines (ie, severe symptomatic aortic stenosis, severe symptomatic AR, or severe asymptomatic AR with severely enlarged LV). 18 For aortic replacement, the decision was made on the basis of the following criteria: aortic root or ascending aortic dimension >5.5 cm, aortic root or ascending aortic dimension >4.5 cm with concomitant significant AV or coronary artery disease requiring surgery, or a growth of >0.5 cm in a 6-month span. In patients with suspected familial aortic syndromes, additional criteria, including aortic dimension of >4.2 cm and ascending aortic crosssectional area/height ratio ≥10 cm 2 /m were used. 4, 19 The final decision regarding the operative technique was made by the cardiothoracic surgeon.
Outcomes
A primary outcome of all-cause death was recorded. Mortality data were obtained from review of medical records, observation of death certificate, or state and nationally available databases, with subsequent confirmation with a family member. We further categorized death as cardiac, noncardiac (eg, malignancy, cirrhosis of liver, primary pulmonary/ neurological etiology), or unknown. A secondary outcome of death (categorized as cardiac or unknown, but not including documented noncardiac deaths, while censoring them at the time of event) was also recorded (see online-only Data Supplement). In addition, we also tried to identify any type A dissection (including aortic rupture and intramural hematoma), occurring after the initial evaluation. Follow-up was defined as the time from initial echocardiogram to death (last query October 2015).
statistical analysis
Continuous variables are expressed as mean±standard deviation or median with interquartile range and compared using the Student t test (for parametric variables) and Mann-Whitney test (for nonparametric variables). Distribution of continuous variables was tested for skewness using the Kolmogorov-Smirnov test and graphically displayed. Categorical data are expressed as percentage and compared by using χ 2 . To assess composite outcomes, univariable and multivariable Cox proportional hazards analyses were used. For univariable analysis, individual associations of relevant predictors, known to be associated with survival in this population, were tested. Subsequently, we created a parsimonious multivariable model incorporating various relevant variables that are typically associated with survival in such patients. As we have demonstrated in a previous study, even though STS score has only been validated to predict 30-day postoperative mortality, we used it in the survival analysis, because it is a composite of many factors that are known to be associated with adverse postoperative events in the long term. 20 An interaction term of aortic surgery and aortic area (root or ascending aorta) ≥10 cm 2 /m was entered in the multivariable model. For the secondary outcomes, patients that had a documented noncardiac death were censored at the time of event. Hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated. In addition, Kaplan-Meier survival curves were generated to determine the cumulative proportion of events as a function over time, and compared using the log-rank statistic. We assessed the classification of risk using categorical and continuous net reclassification improvement (NRI). In addition, discriminative ability of various survival models to predict mortality was compared using the c-statistic. 21 Statistical analysis was performed using SPSS version 11.5 (SPSS Inc), Stata version 10.0 (StataCorp), and R 3.0.3 (R foundation for Statistical Computing). A P value of <0.05 was considered significant.
resUlts
The baseline characteristics of the study sample are shown in Tables 1 and 2 . Both aortic root area/height and ascending aortic area/height ratios were not distributed normally, as expected (P<0.001 for both variables, Figure 2A and 2B). Only 2% patients had severe AV stenosis, whereas 38% patients had moderate to severe AR. In the entire sample, 24% and 25% patients had a high (≥10 cm 2 /m) cross-sectional aortic root/ height ratio and ascending aortic area/height ratio, respectively.
surgical Data
After a clinical evaluation, 280 (36%) of patients underwent cardiovascular surgery involving the aortic root and ascending aorta during follow-up, at a median time of 16 days (interquartile range, 5-284 days), 154 (55%) patients within 1 month, and 214 (76%) patients within 1 year. There were no significant differences between the surgical and nonsurgical subgroups, except for a significantly higher proportion of symptoms (25% versus 17% in New York Heart Association class ≥II), obstructive coronary artery disease (19% versus 5%), inherited aortic diseases (16% versus 3%) and moderate to severe AR (59% versus 24%) in the surgical group (all P<0.01, Tables 1 and 2 ).
The distribution of various surgeries were as follows: 110 (39%) isolated aortic replacement, 103 (37%) aortic replacement+AV surgery, 20 (7%) aortic replacement+CABG, 47 (17%) aortic replacement+AV surgery+CABG. Further surgical classification was as follows: 89 (32%) valve-sparing aortic root replacement (of which 62 were isolated valve-sparing operations), 51 (18%) composite valve+ascending aorta replacement (27 isolated, rest with concomitant CABG), and 5 homografts (2%). Of the AV surgeries, there were 13 AV repairs, whereas the rest were replacements (11 using mechanical valves). At last follow-up, there were 8 patients in the entire study sample (1%) presenting with endocarditis and 6 patients (2%) requiring redo ascending aorta surgery. Table 4 , model A, increasing STS score (HR, 2.01; 95% CI, 1.35-3.00), aortic root area/height ratio ≥10 cm 2 /m (HR, 4.04; 95% CI, 2.69-6.23), inherited aortic syndromes (HR, 1.53; 95% CI, 1.03-2.31), and higher right ventricular systolic pressure (HR, 1.34; 95% CI, 1.14-1.63) were associated with a higher proportion of deaths, whereas angiotensin receptor blocker therapy (HR, 0.77; 95% CI, 0.57-0.99) and cardiovascular surgery (HR, 0.47; 95% CI, 0.27-0.81) were associated with significantly improved longer-term survival (all P<0.05). An interaction term between surgery and aortic root area/height ratio ≥10 cm 2 /m was also significant when concomitantly entered into the model (HR, 0.37; 95% CI, 0.17-0.82). The results were similar when ascending aortic area/height ratio ≥10 cm 2 /m was substituted in the multivariable model (Table 4 , model B).
Outcomes analysis
The proportion of deaths was significantly higher in the group with aortic root area/height ratio ≥10 cm 2 /m versus those <10 cm 2 /m (61/183 [33%] versus 69/588 [12%], P<0.001). Kaplan-Meier curves, separated on the basis of an aortic root area/height ratio cutoff of 10 cm 2 /m are shown in Figure 3A . Similarly, the propor-tion of deaths was significantly higher in the group with ascending aortic area/height ratio ≥10 cm 2 /m versus those <10 cm 2 /m (50/192 [26%] versus 80/579 [14%], P<0.001). Kaplan-Meier curves, separated on the basis of ascending aortic area/height ratio cutoff of 10 cm 2 /m are shown in Figure 3B .
The proportion of deaths was significantly lower in the group that underwent surgery during follow-up versus not (34/280 [13%] versus 96/491 [19%], P<0.01). To test the association between surgery and aortic area/height ratio, we performed the following subgroup analyses in the entire study sample. In the first analysis, the longerterm mortality of 4 subgroups, separated on basis of surgery (versus not) and aortic root area/height ratio cutoff of 10 cm 2 /m were as follows: (1) Figure 4A . Similarly, the longer-term mortality of 4 subgroups, separated on the basis of surgery (versus not) and ascending aortic area/height ratio cutoff of 10 cm 2 /m were as follows: (1) Figure 4B .
In addition, for the primary outcome of death, the addition of aortic root or ascending aortic area/height ratio ≥10 cm 2 /m and aortic surgery to a standard clinical model (STS score, inherited aortic syndromes, hypertension, hyperlipidemia, β-blockers, angiotensin-converting enzyme inhibitors, angiotensin receptor blocker therapy, AR, and right ventricular systolic pressure) provided incremental prognostic utility as shown in Table 5 .
From within the entire study sample, we further analyzed the data of 327 (42%) patients who had an intermediate aortic root diameter between 4.5 and 5.5 cm and did not reach the guideline-based cutoff of 5.5 cm. In this subgroup, 144 (44%) patients had an aortic root area/height ratio ≥10 cm 2 /m. We further divided these 327 patients into 4 subgroups, on the basis of aortic root area/height ratio using a cutoff of 10 cm 2 /m and whether they had surgery versus not. The long-term outcomes for the 4 subgroups were as follows: (1) surgery and aortic root area/height ratio <10 cm 2 vival curves of these 4 subgroups are shown in Figure 5A . Of the longer-term deaths in these subgroups, the majority (78%) occurred in patients with an aortic root area/height ratio ≥10 cm 2 /m. Within this group of 327 patients, when absolute aortic root measurements were added to the STS score, continuous NRI for primary events was 0.36 (0.14-0.51), P<0.001. However, when aortic root area/height ratio was added to the STS score, NRI for primary events was significantly higher at 0.46 (0.27-0.64), P<0.001. Similarly, 229 patients (30%) had an intermediate ascending aortic diameter between 4.5 and 5.5 cm and did not reach the guideline-based cutoff of 5.5 cm. However, 131 (57%) had an ascending aortic area/height ratio ≥10 cm 2 /m. We further divided these 229 patients into 4 subgroups, on the basis of ascending aortic area/height ratio using a cutoff of 10 cm 2 /m and whether they had surgery versus not. The long-term outcomes for the 4 subgroups were as follows: (1) Figure 5B . Of the deaths during follow-up in these subgroups, 31 (61%) occurred in patients with an ascending aortic area/height ratio ≥10 cm 2 /m. Among these 227 patients, when absolute ascending aortic measurements were added to the STS score, continuous NRI for primary events was 0.32 (0.13-0.55), P<0.001. However, when ascending aortic area/height ratio was added to the STS score, NRI for primary events was significantly higher at 0.42 (0.24-0.67), P<0.001. Survival analyses for the secondary outcome are shown in online-only Data Supplement Table II . Because of much lower recommended aortic sizes as operative thresholds in inherited aortic syndromes, we performed similar analyses as above, after excluding patients with inherited aortic syndromes (n=58). The results of the remaining 713 patients are shown in online-only Data Supplement Table III .
DiscUssiOn
In this large contemporary group of 771 patients with a dilated ascending aorta in the setting of a TAV, we demonstrate incremental prognostic utility of indexing aortic root/ascending aortic area to height, rather than using unindexed aortic diameter. We demonstrate that ≈25% patients had an abnormal (≥10 cm 2 /m) aortic root or ascending aortic/height ratio. We also demonstrate that 44% patients with aortic root diameters between 4.5 and 5.5 cm (in general, below the threshold where preemptive surgery is recommended) had an abnormal aortic root area/height ratio. During follow-up, 78% of deaths in patients with aortic root diameters between 4.5 and 5.5 cm occurred in those with an abnormal aortic root area/height ratio (with a much higher rate of death in those who did not undergo aortic surgery). The findings were similar when ascending aortic measurements were considered. The findings were also Society of Thoracic Surgeons (STS) score and right ventricular systolic pressure were entered as continuous variables, whereas the rest were entered as categorical variables.
The following additional potential predictors were considered for multivariable analysis: hypertension, dyslipidemia, β-blockers, angiotensin-converting enzyme inhibitors, aortic regurgitation, and aortic sinotubular junction effacement.
The predictors that constitute STS score were not considered for individual analysis. similar when patients with documented inherited aortic syndromes were excluded (online-only Data Supplement Table III ). Incorporation of the ratio of ascending aorta or aortic root area to height significantly reclassified risk for death during follow-up versus using absolute dimensions. In addition, we demonstrate an abnormal aortic root area/height ratio (or a similarly increased ascending aortic area/height ratio) was independently associated with a higher long-term mortality, whereas cardiovascular surgery was associated with improved long-term survival. We further demonstrate that addition of an abnormal aortic root or ascending aortic area/ height ratio and surgery to known clinical predictors provided incremental prognostic utility. Previous observations from the international registry of acute aortic dissection 5 have demonstrated that of A, Group 1, surgery and aortic root area/height ratio <10 cm 2 /m; group 2, no surgery and aortic root area/height ratio <10 cm 2 /m; group 3, surgery and aortic root area/height ratio ≥10 cm 2 /m; and group 4, no surgery and aortic root area/height ratio ≥10 cm 2 /m. P values for comparison between different groups were as follows: group 1 versus 2=0.33, group 1 versus 3=0.03, group 1 versus 4 = <0.01, group 2 versus group 3=0.07, group 2 versus group 4 = <0.01, and group 3 versus group 4 = <0.01. B, Group 1, surgery and ascending aortic area/height ratio <10 cm 2 /m; group 2, no surgery and ascending aortic area/height ratio <10 cm 2 /m; group 3, surgery and ascending aortic area/height ratio ≥10 cm 2 /m; and group 4, no surgery and ascending aortic area/height ratio ≥10 cm 2 /m. P values for comparison between different groups were as follows: group 1 versus 2=0.24, group 1 versus 3=0.09, group 1 versus 4 = <0.01, group 2 versus group 3=0.40, group 2 versus group 4 = <0.01, and group 3 versus group 4=0.01. 591 type A dissections, 40% and 59% had aortic diameter <5 cm and <5.5 cm, respectively. 5 It appears that we need improved stratification of aortopathies in patients with borderline aortic diameters, especially in women and relatively shorter men. 6, 7 In previous reports, it has been suggested that indexing ascending aorta sizes to either body surface area or height might help identify patients who are at a higher risk for development of an adverse event, including death or an acute aortic pathology, despite their aortas not reaching the standard thresholds where surgical repair would be recommended. [8] [9] [10] 12 In a previous report, aortic size index (a ratio of aortic diameter and body surface area, or aortic root z score) was a significant predictor of increasing rates of rupture, and the combined end point of rupture, death, or dissection, as well. 10 However, there are many shortcomings of making clinical decisions on the basis of A, Group 1, surgery and aortic root area/height ratio <10 cm 2 /m; group 2, no surgery and aortic root area/height ratio <10 cm 2 /m; group 3, surgery and aortic root area/height ratio ≥10 cm 2 /m; and group 4, no surgery and aortic root area/height ratio ≥10 cm 2 /m. P values for comparison between different groups were as follows: group 1 versus 2=0.30, group 1 versus 3 = <0.01, group 1 versus 4 = <0.01, group 2 versus group 3=0.02, group 2 versus group 4 = <0.01, and group 3 versus group 4 = <0.01. B, Group 1, surgery and ascending aortic area/height ratio <10 cm 2 /m; group 2, no surgery and ascending aortic area/height ratio <10 cm 2 /m 3; surgery and ascending aortic area/height ratio ≥10 cm 2 /m; and group 4, no surgery and ascending aortic area/height ratio ≥10 cm 2 /m. P values for comparison between different groups were as follows: group 1 versus 2=0.40, group 1 versus 3=0.70, group 1 versus 4 = <0.01, group 2 versus group 3=0.11, group 2 versus group 4=0.09 and group 3 versus group 4 = <0.01. aortic z scores as follows 12 : (1) z scores were derived from transthoracic echocardiography using diameters as opposed to planimetered area measured on 3-dimensional tomographic imaging; (2) many patients have eccentric dilation of the ascending aorta and aortic root, which would make the use of diameter alone prone to significant misclassification; (3) for adults, z scores are available only for the aortic root and not the ascending aorta; and (4) body surface area is significantly affected by obesity and, as such, patients would potentially have a larger aorta before surgical repair would be indicated. Moreover, obese patients are frequently hypertensive and may be more prone to aortic dissection. In a recent report on patients with Marfan syndrome, a z score correcting aortic sinus diameter to body height was demonstrated to perform better than a score using body surface area. 22 As a result, for the present study, we indexed aortic area to height, as previously described. 8, 9 In addition, to improve the accuracy of aortic area measurement, we planimetered the aortic root and ascending aorta on tomographic images, using double-oblique techniques. On the basis of the work by Vasan et al, 6 it appears that normal aorta size relates best to height. Furthermore, indexing the cross-sectional aortic area to the patient's height would take into account the likely greater risk of adverse events for the equivalent size in shorter patients in comparison with tall patients. Use of the cross-sectional area also takes into account the likely exponential risk of dissection or rupture related to increasing aortic size, because the radius squared is used in the calculation rather than the linear variable of diameter. Multiple previous studies have suggested that an ascending aortic or aortic root to height ratio >10 cm 2 /m be used for prophylactic repair in patients with Marfan syndrome or those with bicuspid AV-related aortopathy. 8, 9, 11 However, these studies were conducted in patients with bicuspid valves or a small group of TAV inherited aortopathies. In another recent study, an aortic root area/height ratio at an infliction point >10 cm 2 /m was associated with an increased risk of dissection. 11 The present study is much larger, with a much longer follow-up, and has a large spectrum of TAV patients and concomitant aortopathy. In addition, we used tomographic imaging to measure aortic area, rather than relying on echocardiography, which is prone to errors related an inability to adequately image the largest aortic size.
We also demonstrate that, in our experienced tertiary care center, aortic surgery was associated with excellent in-hospital outcomes and improved long-term survival. On the basis of the results of the present study, it appears that surgery could be offered to patients who have an aortic area/height ratio >10 cm 2 /m, before they reach the absolute recommended aortic diameter threshold of 5.5 cm. 4 However, because the present study could not demonstrate that those deaths were related to aortic rupture/dissection, recommendations for early surgery in patients with an aortic area/height ratio >10 cm 2 /m warrant additional evidence. In addition, such a consideration should be balanced against the potential for increased short-term mortality and morbidity in less experienced centers. As demonstrated by the results of the present study and others pertaining to complex aortic root and ascending aortic surgeries from our center, it could be an option at high-volume experienced centers that have demonstrated excellent surgical outcomes. [23] [24] [25] [26] limitations Because this was a retrospective observational study from a tertiary center, there is a potential for referral and selection bias. Also, there is potential for overfitting of data. There is a potential for heterogeneity in surgical decision making on the basis of application of different aortic size cutoffs by the individual surgeons. We did not include surgery as an end point in survival analysis because of the relatively short time duration between initial evaluation and surgery in a large number of patients. This likely reflects the tertiary referral nature of our practice, where a significant proportion of patients that are followed longitudinally elsewhere, are sent specifically for surgical care. The consideration of preemptive aortic surgery, on the basis of an abnormal aortic area/height ratio, should not be generalized to less experienced centers and must be balanced against the potential for increased short-term mortality and morbidity in less experienced centers, as the results from our experienced center may not be reproducible at other centers. [23] [24] [25] [26] The primary objective of the present study was to test (in a large sample) whether the aortic threshold of 10 cm 2 /m (as recommended by the current guidelines) had any discriminatory ability in terms of long-term survival. We did not aim to redefine a new threshold specific to our study sample, because, to do so, we would need to do a prospective study. Also, defining a dilated aorta with an absolute threshold diameter of 4 cm may not be accurate and may actually lead to the inclusion of patients with normal diameters for their height and weight. 12 As a result, it appears important to index the aortic size for clinical decision making. However, the aortic guidelines mostly rely on absolute measurements, as opposed to indexed values. But, as discussed above, there are obvious advantages to indexing aortic area (planimetered on tomographic imaging) to height versus using z score (echocardiography and body surface area-based parameter). Unlike previous reports, 5 because this was a retrospective observational study, we chose the end point of death rather than acute aortic dissection, because autopsy confirmation of aortic dissection/rupture was not uniformly available. We report all-cause mortality as the primary end point, as opposed to cardiac mortality. However, on secondary outcomes analysis (online-only Data Supplement), where documented non-cardiac deaths (from a major comorbidity) were censored at the time of events, the basic results were similar. However, it has been demonstrated previously that all-cause mortality is more objective and unbiased than cardiac mortality. 27 Also, a conclusive diagnosis of type A dissection (or not) on postmortem analysis was not available in these patients.
cOnclUsiOns
In a large group of contemporary patients with a dilated proximal ascending aorta in the setting of a TAV, all of whom underwent a dedicated clinical and multimodality imaging evaluation, we demonstrate the incremental utility of measuring aortic root (or ascending aorta) area to height to reclassify the risk of mortality, over using absolute unindexed aortic root (or ascending aortic) diameter measurements. In patients the aortic root area/height ratio (or an ascending aortic area/height ratio) of ≥10 cm 2 /m was associated with a higher risk of longer-term mortality, whereas aortic surgery was associated with significantly improved long-term survival. These findings need prospective validation.
acKnOWleDgMents
The portions of the current research in aortopathies and the corresponding author are supported in part by Haslam Family Endowed Chair in Cardiovascular Medicine.
